A multi-wall carbon nanotubes (MWNTs)-quantum dots (QDs) composite-modified glassy carbon electrode (GCE) was prepared. The complex was characterized by transmission electron microscopy (TEM). The electrochemical behavior of levodopa at MWNTs and QDs-modified GCEs (MWNTs-QDs/GCE) was studied by cyclic voltammetry (CV) and chronocoulometry (CC). It was found that its electrochemical behavior was a two-charge-two-proton process. The modified electrode had high electrocatalytic activity for levodopa with a standard heterogeneous rate constant of 0.595 cm s -1 , which was greatly increased compared with the values for bare GCE and individual MWNTs modified GCE. The better electrocatalytic activity for levodopa at MWNTs-QDs/GCE may due to a synergistic effect between MWNTs and QDs. This result provides a novel way to promote research on biomicromolecules at nano-dimensions.
Introduction
Carbon nanotubes (CNT), a novel carbon material discovered by Iijima in 1991, 1 can be divided into multi-wall carbon nanotubes (MWNT) and single-wall carbon nanotubes (SWNT). They have been the subject of numerous investigations in many areas due to their novel structural, mechanical, electronic, and chemical properties. 2 Because of their excellent electrocatalytic performance, more and more electrochemistry researchers have begun to pay close attention to them. For example, CNT as a new electrode modification material fixed on the electrode surface has obvious electrocatalytic effect on some biological small molecules, such as theophylline, 3 hydrogen peroxide, 4 guanine 5 and levodopa. 6 Levodopa [(-)-3-(3,4-dihydroxylphenyl)-L-alanine] is an important neurotransmitter, and has been used for the treatment of neural disorders such as Parkinson's disease 7 caused by significant depletion of dopamine. After oral administration, levodopa is absorbed and converted into dopamine by decarboxylase. Hence, levodopa can alleviate the symptoms of Parkinson's disease and can also decrease muscular rigidity and tremors. 8 So the research about levodopa has an important practical significance.
The most commonly employed methods for the analysis of levodopa include spectrophotometry 9 , high-performance liquid chromatography 10 and electrochemical methods.
The electrochemical methods caused a lot of attention because of their celerity, simplicity and sensitivity. Bergamini et al. 11 have detected levodopa at gold screen-printed electrodes with the detection limit of 6.8 × 10 -5 mol L -1 . CNT, with its unique electronic properties and surface structure, can greatly increase the rate of electron transfer and can improve electrochemical performance of detected substances. Yan et al. 6 have studied the electrochemical behavior of levodopa at SWNT-modified GCE and some electrochemical parameters of levodopa were also measured. Compared with bare GCE, they found that the heterogeneous rate constant increased significantly, which indicated that SWNT-modified GCE has good electrocatalytic effect for levodopa.
Quantum dots (QDs), with nanocrystal particle size range of 1 -100 nm, are semiconductor nanoparticles. They have attracted considerable attention in the past decade because they have been used as luminescent probes in biology, medicine and more recently in bioanalytics. 12 At the same time, their quantum size effect has been applied for research in other areas. Liu et al. 13 have used QDs-modified electrodes for electroanalysis and detection of hemoglobin. The result showed that QDs modified electrodes possessed good electrocatalytic characteristics for biological molecules with high stability and repeatability.
In this research, QDs have been used in the preparation of MWNTs-QDs composite modified GCE (MWNTs-QDs/GCE), which has better electrocatalytic effect for levodopa than MWNTs-modified GCE (MWNTs/GCE).
The standard heterogeneous rate constant was higher than those of both bare GCE and individual MWNTs-modified GCE. This study provides a new way for the electrocatalytic research on biomicromolecular systems.
(DMF) to give 1 mg mL -1 suspension. QDs, with wavelength 586 nm and concentration 8.86 × 10 -5 mol L -1 , were synthesized according to the reported procedure. 15 Levodopa, purchased from National Institute for the Control of Pharmaceutical and Biological Products, was a chemical reference standard with purity above 99%. Levodopa was dissolved in 0.2 mol L -1 acetate buffer (pH 3.5). Other reagents were of analytical grade. All solutions were prepared with doubly distilled water.
Apparatus
Electrochemical measurements were performed on a CHI621B electrochemical analyzer (Shanghai CH Instruments Inc.). The three-electrode system was adopted, which consisted of a working electrode, a platinum wire auxiliary electrode and Ag/AgCl as reference electrode.
A PHS-3C pH meter (Shanghai Precision Scientific Inc.), an ultrasonic cleaning device (DL-180A, Shanghai ZX Equipment Ltd.) and a transmission electron microscope (Tecnai G2 20, PEI, Netherlands) were used. All experiments were carried out at the same GCE at room temperature. Each measurement was performed at least three times.
Preparation of the MWNTs-QDs/GCE
The GCE was polished with 0.05 μm alumina slurry, then sonicated in acetone and twice-distilled water for 3 -5 min, respectively. The cleaned GCE was coated by casting mixture of 18 μL MWNTs and 2 μL QDs. After being dried in the air overnight to remove the solvent, the MWNTs-QDs/GCE was prepared. MWNTs modified GCE (MWNTs/GCE) and QDs modified GCE (QDs/GCE) can be prepared in the same way.
Results and Discussion
TEM characterization MWNT and QD have special properties which are related to their nano-structures; they are very important nano-materials in bioanalysis. From the TEM image, it can be seen that the diameter of MWNTs were about 10 nm (Fig. 1A) , while the ZnS-capped CdSe QDs were about 3 nm (Fig. 1B) . They were mixed according to a certain ratio. After the solvent's volatilization, QDs were distributed regularly, mainly along the MWNT pipes (Fig. 1C) , which indicated that there might be some interactions between them.
CV behavior of levodopa at the modified electrode
The microscopic areas of the bare GCE, MWNTs/GCE, and
MWNTs-QDs/GCE were obtained by cyclic voltammetry (CV), using 1 mmol L -1 K3Fe(CN)6 as a probe at different scan rates. The result showed that a reversible redox peak appeared on each electrode (figures are not displayed). For a reversible process, the following equation exists: 16
where Ipa refers to the anodic peak current, n is the electron transfer number, A is the surface area of the electrode, DR is the diffusion coefficient, c0 is the concentration, and v is the scan rate. For K3Fe(CN)6, n = 1, DR = 7.6 × 10 -6 cm s -1 ; 17 then, from the slope of the Ipa-v 1/2 relation, the microscopic areas can be calculated, giving 0.0351 cm 2 for the bare GCE, 0.0810 cm 2 for the MWNTs/GCE, and 0.0695 cm 2 for the MWNTs-QDs/GCE. The microscopic area of MWNTs/GCE was much larger than that of bare GCE because the MWNT has a larger ratio surface area with nano tubular structure. The addition of QDs make the areas reduced; this may result from its accumulation along MWNTs, so that the interstices between MWNTs are covered by them. Cyclic voltammogram behavior of levodopa at bare GCE, MWNTs/GCE, QDs/GCE and MWNTs-QDs/GCE were studied. A pair of poor reversible redox peaks appeared at bare GCE in the range of -0.1 to +0.7 V (Fig. 2, curve a) . After GCE was modified with MWNTs, the anodic peak current Ipa was obviously increased from 3.92 to 15.07 μA, while the peak potential separation (ΔEp) decreased from 206 to 144 mV (Fig. 2,  curve b) , which indicated that MWNT catalytic levodopa's redox process. On the other hand, no obvious redox peaks were obtained for QDs/GCE in levodopa solution (Fig. 2, curve c) , which indicated that QDs had deposited on GCE and no electrochemical reaction had occurred.
However, a pair of more reversible redox peaks was observed at MWNTs-QDs/GCE (Fig. 2, curve d) . Ipa at MWNTsQDs/GCE did not much comparing with MWNTs/GCE (from 15.07 to 15.94 μA). But ΔEp further decreased from 144 to 102 mV and the formal potential (E 0′ ) had a negative shift from 0.319 to 0.221 V. This indicated that QDs joined with MWNTs can accelerate the electron transfer of levodopa at a modified electrode. The reason may involve some kinds of coordinated interactions between QDs and MWNTs which improved the catalytic action of MWNTs for levodopa. As TEM image showed that, after the solvent's evaporation, QDs are distributing a round MWNT pipes regularly, which also implies there may be synergistic effects between them.
From the CV of levodopa at the MWNTs-QDs/GCE, an Epa value of 0.272 V and an Epa/2 value of 0.240 V were obtained. For a reversible system, the following equation exists: 17
The electron transfer number n can be calculated to be about 2. Further study showed that the peak current of levodopa increased linearly with the square root of the scan rate in the range from 0.01 to 0.2 V s -1 , suggesting that the electrode reaction of levodopa was a diffusion-controlled process (Fig. 3) .
Because more detailed information of the reaction mechanism of levodopa at the MWNTs-QDs/GCE was needed, the diffusion coefficient (DR) of levodopa was determined at the 56.5 --n MWNTs-QDs/GCE using chronocoulometry (CC) based on the Cottrel equation: 18
which F is the Faraday constant 96500 C mol -1 . The potential step was from 0.1 to 0.5 V (Fig. 4) . Based on the slope of Q-t 1/2 curve, 0.311 μC s -1/2 (R = 0.996), the diffusion coefficient DR of levodopa was estimated to be 1.12 × 10 -5 cm 2 s -1 .
The electrochemical behavior of levodopa is quasi-reversible at MWNTs-QDs/GCE. According to reference, 19 the standard heterogeneous rate constant k 0 of the reaction can be calculated to be 5.95 × 10 -1 cm s -1 , and it is 3.36 × 10 -2 cm s -1 at MWNTs/GCE. On the other hand, the electrochemical behavior of levodopa is irreversible at the bare GCE. From the plot of Epa against log v, k 0 can be obtained from the intercept of 0.435 V, and in the present case, it was 3.34 × 10 -3 cm s -1 . 19 The standard heterogeneous rate constant k 0 is a scale of the kinetic facility of a redox couple. A system with a large k 0 will achieve equilibrium in a short time, but a system with small k 0 will be sluggish. 20 Compared with the k 0 values at the bare GCE and MWNTs/GCE, it is clear that the compound modification of MWNTs and QDs can promote the electrochemical reaction of levodopa significantly and can catalyze levodopa better. Figure 5 shows CVs that were carried out to study the effect of the pH value on the electrochemical behavior of levodopa. As can be seen, Ipa reaches the maximum value around pH 3.5 and E 0′ has a negative shift accompanied with the increase of pH. As shown in Fig. 6 , the dependence of the formal potential on solution pH follows the equation, E 0′ (V) = 0.427 -0.058pH (R = 0.998), which indicated that there are protons involved in the reaction. 21 For an electrochemical process involved with proton participation that can be described as: Ox + ne + mH + ↔ Red, Nernst equation (25˚C) is
The proton number intervening in the redox process was 2, which could be calculated from the slope of the above equation. So, the electrode reaction of levodopa on the MWNTsQDs/GCE surface is a two-charge-two-proton process. Therefore, the proposed redox mechanism for levodopa can be written as Fig. 7 . 13
Conclusions
The electrochemical response of levodopa was studied by CV at MWNTs-QDs/GCE. The result indicated that levodopa presents better electrochemical behavior at MWNTs-QDs/GCE, because the standard heterogeneous rate constant of levodopa at GCE was improved greatly over that at bare/GCE and that at individual MWNTs/GCE.
The reason might be some synergistic effect occurring between QDs and MWNTs, which improved catalysis of the MWNTs-QDs/GCE for levodopa. This result provided a novel way for studying electrochemical catalysis of biomolecular systems on the nanocomplex-modified electrode. ANALYTICAL SCIENCES NOVEMBER 2007, VOL. 23 . Fig. 7 Redox mechanism of levodopa.
